PURPOSE Modulation of vascular endothelial growth factor-mediated immune suppression via angiogenesis inhibition may augment the activity of immune checkpoint inhibitors. We report results from the dose-finding and initial phase II expansion of a phase Ib/II study of lenvatinib plus pembrolizumab in patients with selected advanced solid tumors.
INTRODUCTION
Vascular endothelial growth factor (VEGF), a regulator of angiogenesis in solid malignancies, is an important target in anticancer therapy. [1] [2] [3] VEGF also affects immune suppression by promoting the expansion of suppressive immune cell populations, such as regulatory T cells and myeloid-derived suppressor cells. 3 VEGF suppresses effector T cell development, recruits tumor-associated macrophages to the tumor site, and inhibits the maturation and stimulatory function of dendritic cells. 3 This causes inadequate presentation of tumor antigens, resulting in the impaired induction of T-cell-mediated immune responses directed at tumor antigens. 3 Preclinical and clinical studies suggest that modulation of VEGF-mediated immune suppression via angiogenesis inhibition could potentially augment the immunotherapeutic activity of immune checkpoint inhibitors. [3] [4] [5] Lenvatinib is a multitargeted tyrosine kinase inhibitor of VEGF receptor 1-3, fibroblast growth factor (FGF) receptor 1-4, platelet-derived growth factor receptor a, RET, and KIT. [6] [7] [8] Of note, upregulation of FGF has been described as a resistance mechanism to VEGF inhibition. 9, 10 As such, the combined inhibition of VEGF and FGF signaling may contribute to the therapeutic efficacy of lenvatinib. 11 Studies in mouse tumor models showed that treatment with lenvatinib combined with an anti-programmed cell death-1 (PD-1) monoclonal antibody demonstrated superior antitumor activity compared with either compound individually. 4, 5, 12 These studies provide a strong rationale for the combination of lenvatinib plus pembrolizumab, an anti-PD-1 monoclonal antibody capable of producing significant antitumor immune responses in various solid tumors. 13 
METHODS

Study Design and Treatment
This phase Ib/II, multicenter, open-label study was designed to evaluate the safety, tolerability, and antitumor activity of lenvatinib plus pembrolizumab in patients with advanced renal cell carcinoma (RCC), endometrial cancer, melanoma, squamous cell carcinoma of the head and neck (SCCHN), non-small-cell lung cancer (NSCLC), and urothelial cancer (ClinicalTrials.gov identifier: NCT02501096). The tumor types were selected based on preliminary evidence of efficacy with lenvatinib and/or a PD-1 inhibitor in other studies where the agents were individually administered. 4, 5, 12 The maximum tolerated dose (MTD) was investigated in the phase Ib dose-finding portion of the study using a dosedeescalation strategy with a 3 + 3 design (Data Supplement). In the phase II portion of the study, all patients received the recommended phase II dose of lenvatinib 20 mg/ day with pembrolizumab 200 mg every 3 weeks until disease progression or development of unacceptable toxicity.
The protocol was approved by the relevant institutional review boards or ethics committees and was conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice Guidelines. All patients provided written informed consent prior to study enrollment.
Patients
Key eligibility criteria for phase Ib included histologically or cytologically confirmed metastatic RCC, endometrial cancer, melanoma, SCCHN, NSCLC, or urothelial cancer that progressed after approved therapies or for which no standard therapies were available. There was no limit on the number of prior anticancer therapies during the phase Ib portion of the trial. Key entry criteria for phase II included age $ 18 years, measurable disease according to immune-related Response Evaluation Criteria in Solid Tumors (irRECIST), 14 # 2 prior lines of systemic therapies, Eastern Cooperative Oncology Group performance status score of 0 or 1, blood pressure # 150/90 mmHg, and adequate bone marrow, hepatic, and renal function. Patients were not preselected based on any biomarker, including microsatellite instability or programmed cell death-ligand 1 (PD-L1) expression. Key exclusion criteria included prior anticancer treatment within 28 days of the first dose of study drugs, significant cardiovascular impairment, inadequate recovery from toxicities and/or complications resulting from major surgery, and prior therapy with lenvatinib.
Clinical Assessments
The primary objective for phase Ib was to determine the MTD and recommended phase II dose for lenvatinib plus pembrolizumab. The phase II primary endpoint was objective response rate at 24 weeks (ORR week24 ), which was defined as best overall response as of week 24. Secondary endpoints for phase II included the overall objective response rate (ORR), progression-free survival (PFS), and duration of response (DOR).
Tumor responses were evaluated based on investigator assessment per irRECIST using computed tomography or magnetic resonance imaging. 14 Complete and partial responses were confirmed no less than 4 weeks after the initial response. Tumor assessments were performed at baseline, every 6 weeks until week 24, and every 9 weeks thereafter. Radiographic evidence of disease progression was confirmed with repeat imaging at least 4 weeks later. Additional methods are included in the Data Supplement.
Statistical Analysis
The total number of patients required for the phase Ib portion of this study was dependent on the toxicities observed as the study progressed. A sample size of approximately 10 to 30 patients in phase Ib was planned to assess the MTD. For the phase II portion of the study, a sample size of 10 patients was enrolled per cohort, with the possibility of expansion to 20 patients per cohort based on sponsor and investigator evaluation of the efficacy and safety results observed with the initial 10 patients.
The point estimates of response rates and their 2-sided 95% CIs were calculated using the Clopper-Pearson method. Median PFS and DOR and their 2-sided 95% CIs were estimated using the Kaplan-Meier method. All statistical analyses were performed using SAS version 9.0 or higher (SAS Institute, Cary NC).
RESULTS
Patients
Between July 31, 2015, and March 1, 2018, 137 patients were enrolled at 7 centers in the United States. Thirty patients (22%) had RCC, 23 (17%) had endometrial cancer, 22 (16%) had SCCHN, 21 (15%) had melanoma, 21 (15%) had NSCLC, and 20 (15%) had urothelial cancer ( Table 1 ). Most patients (75%) received at least 1 prior systemic therapy before enrollment. The list of prior treatments received by patients is presented in the Data Supplement. At the time of data cutoff (March 1, 2018), 30 patients (22%) were still receiving treatment, and 107 (78%) had discontinued treatment. Sixty-three patients (46%) discontinued treatment because of disease progression, and 27 (20%) discontinued because of adverse events (AEs).
Determination of MTD/Recommended Phase II Dose
Two dose-limiting toxicities (DLTs) were observed in the dose-finding portion of the study in 3 patients (RCC, n = 2; NSCLC, n = 1) who received the initial starting dose of lenvatinib 24 mg/day and pembrolizumab 200 mg. DLTs consisted of grade 3 arthralgia and grade 3 fatigue. No DLTs were observed in the 10 patients enrolled in the subsequent cohort treated with lenvatinib 20 mg/day plus pembrolizumab 200 mg every 3 weeks. Therefore, oral lenvatinib 20 mg/day and intravenous pembrolizumab 200 mg every 3 weeks was established as the MTD and the recommended phase II dose.
Safety
Treatment-related AEs (TRAEs) were reported in 97% (133/137) of patients ( Table 2) . Because AEs were similar across the cohorts, the overall safety profile is described in aggregate (Data Supplement). The most common any-grade TRAEs across all cohorts were fatigue (58%; 79/137), diarrhea (52%; 71/137), hypertension (47%; 64/137), hypothyroidism (42%; 58/137), and decreased appetite (39%; 54/137). Grade 3-4 TRAEs were reported in 67% (92/137) of patients. The most common grade 3-4 TRAEs across all cohorts were hypertension (20%; 28/137), fatigue (12%; 17/137), diarrhea (9%; 12/137), proteinuria (8%; 11/137), and increased lipase levels (7%; 9/137; Table 2 ).
TRAEs resulted in the following treatment modifications: lenvatinib dose reduction and/or interruption (85%; 116/137), lenvatinib discontinuation (13%; 18/137), pembrolizumab dose interruption (45%; 62/137), and pembrolizumab discontinuation (15%; 20/137; Table 2 ). The most common AEs reported as reasons for lenvatinib In total, 21 deaths occurred in the study. Two were deemed treatment related: 1 patient with NSCLC (pulmonary hemorrhage) and 1 patient with urothelial cancer (gastrointestinal hemorrhage).
Prespecified AEs of special interest (ie, previously associated with drug exposure) were recorded also. For pembrolizumab, these were considered to be immune mediated. Potentially immune related, TRAEs occurred in 52% (71/137) of patients; grade 3 or 4 immune-related AEs occurred in 8% (11/137) and 2% (2/137) of patients, respectively ( Table 3 ). The most common immunerelated grade 3 and 4 TRAEs of special interest for pembrolizumab were adrenal insufficiency and colitis (1.5% each).
TRAEs of special interest for lenvatinib occurred in 80% (110/137) of patients; grade 3 or 4 TRAEs of special interest occurred in 33% (45/137) and 2% (3/137) of patients, respectively. The most common grade 3 and 4 TRAEs of special interest for lenvatinib were hypertension (20%), AST increased, ALT increased, and palmar-plantar erythrodysesthesia syndrome (2% each).
Efficacy
Among patients in the RCC cohort, the primary endpoint of ORR week24 was 63% (19/30; 95% CI, 43.9% to 80.1%) and, at data cutoff, the overall ORR was 70% (21/30; 95% CI, 50.6% to 85.3%; Table 4 ). The median DOR was 20.0 months (95% CI, 9.0 to 22.9 months), and the median PFS was 19.8 months (95% CI, 9.9 to 24.1 months).
Overall, 30% (9/30) of patients with RCC were still receiving treatment at the time of data cutoff for this analysis.
The ORR week24 and overall ORR for patients with endometrial cancer were both 52% (12/23; 95% CI, 30.6% to 73.2%; Table 4 ). The median DOR was not reached (95% CI, 2.6 months to not evaluable [NE]), and the median PFS was 9.7 months (95% CI, 4.2 months to NE). Gastrointestinal perforation 1 (1) 0 (0) 1 (1) NOTE. The 3 patients who received lenvatinib 24 mg/day in the dose-finding portion of the study were included in this analysis. Of note, analysis without these patients did not substantially alter the data presented here.
Abbreviation: AE, adverse event.
a Two grade 5 events were considered to be treatment related: gastrointestinal hemorrhage (n = 1) and pulmonary hemorrhage (n = 1). Autoimmune nephritis 1 (1) 0 (0) 0 (0) NOTE. Immune-related adverse events were predefined adverse events with a potential immune-mediated etiology and associated with pembrolizumab treatment. The 3 patients who received lenvatinib 24 mg/day were included in this analysis. Analysis without these patients did not substantially alter the data presented here. Of note, the only potentially immune-related adverse event that occurred in patients who received lenvatinib 24 mg/day was hypothyroidism (n = 2; grade 2). a Adverse event terms were coded using Medical Dictionary for Drug Regulatory Affairs version 20.1. 37 b Adverse events can also be associated with lenvatinib treatment.
At the time of data cutoff, 30% (7/23) of patients with endometrial cancer were still receiving treatment.
Among patients with melanoma, the ORR week24 and overall ORR were both 48% (10/21; 95% CI, 25.7% to 70.2%; Table 4 ). The median DOR was 12.5 months (95% CI, 2.7 months to NE), and the median PFS was 5.5 months (95% CI, 2.6 to 15.8 months). As of the data cutoff, 10% (2/21) of patients with melanoma remained on treatment.
Patients with SCCHN achieved an ORR week24 of 36% (8/22; 95% CI, 17.2% to 59.3%) and an overall ORR of 46% (10/22; 95% CI, 24.4% to 67.8%) ( Table 4 ). The median DOR was 8.2 months (95% CI, 2.2 to 12.6 months), and the median PFS was 4.7 months (95% CI, 4.0 to 9.8 months). In total, treatment was ongoing for 14% (3/22) of patients with SCCHN at the time of data cutoff.
The ORR week24 and overall ORR for patients with NSCLC were both 33% (7/21; 95% CI, 14.6% to 57.0%; Table 4 ). The median DOR was 10.9 months (95% CI, 2.4 months to NE), and the median PFS was 5.9 months (95% CI, 2.3 to 13.8 months). Overall, 29% (6/21) of patients with NSCLC continued to receive treatment at the time of data cutoff.
Patients in the urothelial cancer cohort achieved an ORR week24 and overall ORR of 25% (5/20; 95% CI, 8.7% to 49.1%; Table 4 ). The median DOR was not reached (95% CI, 6.5 months to NE), and the median PFS was 5.4 months (95% CI, 1.3 months to NE). At the time of data cutoff, treatment was ongoing for 15% (3/20) of patients with urothelial cancer.
Maximum changes in tumor size are shown in Figure 1 .
Overall, 47% (65/137) of patients achieved a complete or partial response (Fig 2) . Efficacy outcomes by PD-L1 status are summarized for each tumor type in the Data Supplement.
DISCUSSION
In this phase Ib/II study, lenvatinib plus pembrolizumab demonstrated an acceptable safety profile and encouraging antitumor activity in patients with selected solid tumors. The MTD and recommended phase II dose were determined to be lenvatinib 20 mg once daily plus pembrolizumab 200 mg every 3 weeks.
The safety profile of lenvatinib plus pembrolizumab was consistent with that observed in prior lenvatinib and pembrolizumab monotherapy trials, with no unexpected AEs. [15] [16] [17] [18] [19] [20] [21] [22] [23] In general, toxicities were manageable with supportive care medications, treatment interruption and discontinuation, and/or lenvatinib dose reductions.
Hypothyroidism is commonly observed in patients treated with lenvatinib or pembrolizumab monotherapies. 15, 16, 19, 20, [22] [23] [24] However, because of overlapping toxicities, the incidence of hypothyroidism was higher in patients treated with the lenvatinib plus pembrolizumab combination (42%) than in patients who received lenvatinib (16% to 35%) or pembrolizumab (6% to 10%) monotherapy in previous clinical trials. 15, 16, 19, 20, [22] [23] [24] Overall, in this study, TRAEs resulted in dose reductions and interruptions for 87 (64%) and 96 (70%) patients, respectively; the median time to dose reduction was ORR is defined as the proportion of patients who had a confirmed complete or partial response per independent review by immune-related RECIST at the time of data cutoff. Four patients achieved a response after week 24 (2 patients in the RCC cohort and 2 patients in the SCCHN cohort). b Two patients in the NSCLC cohort with a response (1 complete response and 1 partial response) had received prior programmed cell death-1/programmed cell death-ligand 1 therapy (both nivolumab). approximately 2 months. The rates of dose reduction reported in previous clinical trials with lenvatinib monotherapy were 68% and 62% for patients with differentiated thyroid cancer and RCC, respectively. 16, 17 Starting lenvatinib at a high dose and using dose reductions to ameliorate toxicities has been a successful strategy across several trials with lenvatinib and may contribute to the efficacy of lenvatinib. This strategy allows for strong inhibition of VEGF for several months before dose reduction (the median time to first dose reduction was 3 months in patients with differentiated thyroid cancer 17 ). Although a significant number of patients required lenvatinib dose reductions because of TRAEs in the current study, several of these patients continued to have a durable response for several months after dose reduction.
Treatment discontinuation due to TRAEs in our study was observed in 16% of patients. Similarly, Schlumberger et al 17 reported that 14% of patients with differentiated thyroid cancer discontinued treatment because of lenvatinib-related toxicities. In a phase II study of lenvatinib and everolimus in RCC, treatment-emergent AEs led to treatment discontinuation in 25% of patients who received single-agent lenvatinib. 16 Across cohorts, ORRs ranged from 25% to 70%, with the most favorable responses seen among patients with RCC (70%), endometrial cancer (52%), and melanoma (48%). These encouraging response rates are particularly interesting when viewed in the context of clinical trial results with either lenvatinib or pembrolizumab given as monotherapies to patients with these tumor types. Lenvatinib monotherapy resulted in an ORR of 27% in the second-line treatment of RCC in a previously reported study. 16 The Keynote 427 trial that evaluated pembrolizumab as first-line therapy in patients with advanced clear-cell RCC showed an ORR of 34%. 25 Additionally, response rates in our trial for patients with RCC were promising compared with the response rates of recently approved tyrosine kinase/immune checkpoint inhibitor combinations. In 2 separate phase III studies of previously untreated advanced clear-cell RCC, pembrolizumab plus axitinib showed an ORR of 59%, and avelumab plus axitinib demonstrated an ORR of 55% (in patients with PD-L1-positive tumors). 26, 27 Our results suggest that combined inhibition of VEGF and immune checkpoint signaling pathways may result in enhanced antitumor activity in solid tumors, and in particular, advanced RCC, which is known to be sensitive to tyrosine kinase inhibitor therapy, as well as a range of other tumor types considered to be insensitive to VEGF inhibitors. Of note, the ability of lenvatinib to inhibit both FGF receptors 1-4, and VEGF receptors may contribute to the efficacy of lenvatinib plus pembrolizumab in various advanced cancers.
Preclinical studies using murine tumor models demonstrated that lenvatinib pretreatment decreased immunosuppressive tumor-associated macrophages and increased interferon-g-and granzyme B-producing CD8+ T cells, resulting in significantly greater antitumor activity compared with anti-PD-1 treatment alone. Addition of an anti-PD-1 antibody further upregulated IFN signaling pathways, promoting an angiostatic and immune-activating tumor microenvironment. 4, 5, 12, 28 Recent clinical trials evaluating combinations of VEGF and PD-1/PD-L1 inhibitors have shown encouraging antitumor activity for the first-line treatment of patients with metastatic RCC. 26, 29 Collectively, the results of preclinical studies and recent clinical trials of anti-VEGF and anti-PD-1/PD-L1 combination therapies provide a strong rationale for this combination. The efficacy observed in patients with advanced endometrial cancer is particularly encouraging. In this clinical trial, 48% of patients with endometrial cancer had been previously treated with systemic therapy in the metastatic setting. This cohort showed an ORR of 52% and a median PFS of 9.7 months. Interestingly, neither lenvatinib nor pembrolizumab showed particularly robust clinical activity in this patient population as monotherapies, with reported ORRs of 22% and 13%, respectively. 30, 31 Although pembrolizumab is typically indicated for patients with microsatellite instability-high (MSI-H) tumors, only 25%-35% of patients with endometrial carcinoma are MSI-H. 32 In both the RCC and endometrial cancer cohorts, our data suggest that this treatment combination is at least additive.
The Keynote 006 trial showed that pembrolizumab monotherapy in patients with advanced melanoma resulted in an ORR of 36%. 33 Lenvatinib monotherapy in patients with advanced melanoma resulted in an ORR of just 9.7%. 34 As such, the ORR of 48% in our combination of lenvatinib plus pembrolizumab represents an encouraging improvement. Additionally, one of the more striking improvements in ORR compared with pembrolizumab monotherapy occurred in the SCCHN cohort. Although the Keynote 012 clinical trial of pembrolizumab in patients with advanced SCCHN showed an ORR of 16% to 18%, 35, 36 this study resulted in an ORR of 45%.
Of note, PD-L1 status did not correlate with ORR in this trial. However, the sample sizes in each cohort were relatively small, and PD-L1 status was not available for several patients. PD-L1 and other biomarkers are being evaluated in ongoing phase III clinical trials with the lenvatinib plus pembrolizumab combination.
Limitations of this study are typical of an early-phase clinical trial and include small numbers of patients treated, a heterogeneous patient population that was not randomly assigned, and the lack of a comparator treatment arm. Additionally, the PD-L1 status could be determined at any time point (including from archival tissue), and the PD-L1 expression assay has not yet been validated for patients with RCC, SCCHN, endometrial cancer, urothelial cancer, or melanoma.
In conclusion, lenvatinib plus pembrolizumab resulted in a manageable toxicity profile and promising antitumor activity in patients with selected solid tumors. Based on the clinical activity of the combination regimen in this study, additional clinical trials for patients with gastric cancer (ClinicalTrials.gov identifier: NCT03609359), gastroesophageal cancer (ClinicalTrials.gov identifier: NCT03321630), and differentiated thyroid cancer (Clin-icalTrials.gov identifier: NCT02973997) are currently under way. Furthermore, the results of this study laid the foundation for 4 large phase III clinical trials in patients with RCC (ClinicalTrials.gov identifier: NCT02811861), endometrial cancer (ClinicalTrials.gov identifier: NCT03517449), melanoma (ClinicalTrials.gov identifier: NCT03820986), and NSCLC (ClinicalTrials.gov identifier: NCT03829332), which are currently ongoing. In the future, we also plan to study lenvatinib plus pembrolizumab in patients with RCC who have had disease progression after treatment with immune checkpoint inhibitors. 
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